Homojunctional ZnO nanowire/nanowall structures were synthesized using a vapor phase epitaxy method. The homojunctional ZnO nanowire/nanowall structures are vertically well aligned having a random honeycomb-like pattern, and the metal catalyst only exists on the ends of the ZnO nanowires. The ZnO nanowires and nanowall synthesized on c-Al 2 O 3 in the vapor-liquid-solid mode form a single unit and are part of the same single crystal. We focused on the study of the growth mechanism and crystal structure of homojunctional ZnO nanowire/nanowall structures. #
Introduction
ZnO is a very interesting material for optical applications because of its wide band gap of 3.37 eV. A prominent feature of ZnO is its high exciton binding energy (60 meV) at room temperature, which leads to an extremely high stability of its excitons, 1) and enables devices to function at a low threshold voltage. ZnO is promising for applications in blue lightemitting diodes (LEDs), field-effect transistors (FET), ultraviolet laser diodes (LD), sensors, acousto electrical devices, and detectors. 2) In particular, nanostructured materials possess unique electric, optical, and magnetic properties compared with the corresponding bulk materials. This is due to the quantum confinement effect, Coulomb blockade effect, and high surface-to-volume ratio. Semiconductor nanowires can be produced using a nanoscale junction. The realization of nanoscale semiconductors depends on the ability to integrate these structures into functional devices, and to connect them to other structures and to each other.
Various ZnO nanostructures, such as nanowires, nanobelts, nanobridges, nanonails, and hierarchical nanostructures, have been produced by various methods. [3] [4] [5] [6] [7] In the vapor-based route, zinc species are in the vapor state and arise from the evaporation of pure zinc powder, 8, 9) zinc oxide powders, 10) organic compounds, or mixtures of zinc oxide powder with powders of other materials.
11) The composition of the source materials, the pressure of the vacuum and growth atmosphere, reaction temperature, substrate, and the type and amount of catalysts can all markedly change the morphology and nanostructure of the grown ZnO. In addition, studies focused on two-dimensional (2D) ZnO nanostructures, including nanowalls and nanosheets, are limited compared with those focused on onedimensional ZnO nanostructures. It has been suggested that ZnO nanowalls can be used as energy-storage devices, chemical sensors, and solar cells owing to their large surface-to-volume ratio. 12) In this regard, the assembly and synthesis of these nanostructures via a bottom-up method would be of strong potential importance.
In this work, we synthesized a ZnO nanowire/nanowall network on c-Al 2 O 3 at atmospheric pressure using a vapor phase epitaxy (VPE) method. We synthesized high-quality ZnO nanowires on a ZnO nanowall with uniform sizes. We confirmed the structural properties of homojunctional ZnO nanowire/nanowall structures using X-ray diffraction (XRD) analysis and high-resolution transmission electron microscopy (HRTEM).
Experimental Procedure
Homojunctional ZnO nanowire/nanowall structures were synthesized using a VPE method. The starting materials were ZnO and carbon powder with a 1 : 1 weight ratio. An Au thin film of 3 nm thickness was used as the catalyst for the growth of the ZnO nanostructures. High-purity Ar (99.999%) was used as the carrier gas. It was introduced at a flow rate of 1200 sccm into a quartz tube at atmospheric pressure (760 Torr). The main growth of the ZnO nanostructures was performed at 950 -1050 C. After the main growth, the ZnO nanostructures were cooled naturally to room temperature, and then analyzed by XRD analysis using a Bruker D8 Discover system with Cu K radiation. The shapes and morphologies of the ZnO nanostructures were observed using field-emission scanning electron microscopy (FESEM) and HRTEM. The chemical composition of the ZnO nanostructures was analyzed using X-ray energy dispersion spectrometry (EDX). The structure of the homojunctional nanowire/nanowall structures was investigated using selected-area electron diffraction (SAED) analysis.
Results and Discussion
Figure 1(a) shows a top-view FESEM image of the homojunctional ZnO nanowire/nanowall structures and the inset shows a backscattered-electron (BSE)-mode FESEM image. Figure 1(b) shows an FESEM image of the homojunctional ZnO nanowire/nanowall structures grown by the help of the Au catalyst on the Al 2 O 3 surface. It can be seen that the homojunctional nanowire/nanowall structures are vertically well aligned having a random honeycomb-like pattern. As shown in Fig. 1(a) , the metal catalyst only exists on the ends of the ZnO nanowires. Figure 2 shows time-dependent FESEM images of the homojunctional nanowire/nanowall structures. Figures 2(a)-2(c) show the initial-, middle-, and end-stage images of the homojunctional ZnO nanowire/nanowall structures during their growth, respectively. As shown in Fig. 2 , firstly, a ZnAu solid solution network is formed on the c-Al 2 O 3 substrate. The ZnO nanowalls were directly grown on the Zn-Au alloy networks rather than the growth of ZnO nanowires via a vapor-liquid-solid (VLS) mechanism. 13) We confirmed the chemical composition of ZnO nanostructures using EDX measurement, as shown in Fig. 3 . The ZnO nanowalls consist of only the components of Zn and O without a Au catalyst. Secondly, the ZnO nanowalls then start to grow on the Zn-Au network surface [Figs. 2(a) and 2(b)]. Finally, the shapes of the ZnO nanowalls that are formed resemble those of the Zn-Au alloy networks. Then, the Au catalyst diffuses on the nanowall surfaces, 14) aggregating at the nodes. Epitaxial ZnO growth is incited by the active sites of the ZnO network channels, such as the nodes regions. Due to the surface energy at the node increases with the resultant Au atoms diffusing and accumulating at the nodes for overall energy compensation. 15, 16) Therefore, ZnO nanowires begin to form from nodes via a VLS mechanism at the critical point [ Fig. 2(c) ]. Figure 4(a) shows a 2 scan of the XRD pattern used for the structural characterization of the synthesized homojunctional ZnO nanowire/nanowall structures. All of the diffraction lines were indexed and identified by X-ray powder diffraction as the hexagonal wurtzite type, while no cubic phase was found. The peak of the synthesized homojunctional ZnO nanowire/nanowall structures was sharp and the full width at half-maximum has a narrow peak. Figure 4(b) shows a phi scan of the homojunctional ZnO nanostructures. The six fold rotational symmetry peak, with an equivalent distance of 60 , clearly indicates that the homojunctional ZnO nanowire/nanowall structures were epitaxially grown with homogeneous in-plane alignment c-Al 2 O 3 substrate. The XRD analysis shows that the homojunctional ZnO nanowire/nanowall structures are well crystallized. Figure 5(a) shows a low-magnification TEM image of the junctional area. The synthesized homojunctional ZnO nanowire/nanowall structures have a smooth morphology on the side edge and a clean surface without any loose particles. The inset in Fig. 5(a) shows the SAED pattern of the homojunctional ZnO nanowire/nanowall structures. Figure 5(a) shows the homojunctional ZnO nanowire/nanowall structures to be single-crystalline, with good crystallinity, which was indexed to the diffraction pattern of hexagonal ZnO. The clear and regular spots reveal that the synthesized homojunctional ZnO nanowire/nanowall structures possess high-quality single crystallinity, which indicates that the nanowires and nanowall have no orientation mismatch. Thus, we could conclude that the ZnO nanowires and nanowall form a single unit and are part of the same single crystal. Figure 5 (b) shows a high-magnification TEM image of the junctional area. The growth direction was [0002] in the hexagonal structure of the homojunctional ZnO nanowire/ nanowall structures. The visible lattice is almost perfect and its crystallographic orientation is clear and uniform. While defects, such as dislocations, stacking faults or twins, are generally observed in junctional nanostructures, 17) there were no observable defects in the junctional area of the ZnO nanowire/nanowall structures.
Conclusions
We synthesized high-quality homojunctional nanowire/ nanowall structures using a VPE method at atmospheric pressure. We could conclude that the ZnO nanowires and nanowall form a single unit and are part of the same single crystal. All of the experimental results confirm the good crystallinity of the synthesized homojunctional ZnO nanowire/nanowall structures. The formation of the homojunction structures is due to diffusion of the metal catalyst on the ZnO nanowall. The results obtained in this work can be applied to various device applications using self-assembled junction structures.
